The goals of this study were to measure vertical distributions of pelagic coral reef fish larvae, identify significant vertical migrations, and estimate the effects of vertical migrations between depths with different ambient currents on larval transport in the Straits of Florida. Spring, summer, and fall time-series of plankton net tows were conducted at the edge of the Florida Current offshore of Miami. In each time-series the upper 100 m of the water column at a fixed station was sampled repeatedly at 3-h intervals for two diel cycles, with different nets sampling at five discrete depth ranges. Simultaneously, currents-at-depth were recorded by shipboard current profilers. Mean and standard deviation of larval depth and statistically significant vertical migrations were determined by nonparametric resampling and tree regression techniques. In 10 taxa, larvae showed ontogenic vertical migrations, gradually moving deeper with growth and development. Vertical distributions of six taxa varied between day and night, revealing diel vertical migrations. Larval transport was estimated by generating progressive vector diagrams from current measurements and larval vertical distributions. The dominant alongshore component of the Florida Current resulted in rapid larval transport through the Straits of Florida, while cross-shore current was an order of magnitude weaker and highly variable. Larvae at depths . 70 m experienced a 15-75% reduction in transport; thus, deep vertical distributions and downward vertical migrations potentially favor retention and settlement in the Straits of Florida.
Within the past decade, marine population connectivity has become a central topic in marine science (Cowen and Sponaugle 2009 ). Growing interest in connectivity stems from the realization that local populations may depend more on their own reproductive output for population replenishment than was previously thought. Larvae of most benthic marine fishes and invertebrates spend a period of days to months developing in the pelagic ocean as part of the zooplankton. During this period, larvae from many different origins may or may not become thoroughly mixed. However, there is increasing evidence that the individuals that survive the larval stage to settle to the benthos are often largely of local origin (Swearer et al. 2002; Almany et al. 2007; Cowen and Sponaugle 2009) . The means by which larvae achieve this are poorly understood, but a number of physical and biological mechanisms favoring either retention or return of invertebrate and fish larvae to their parental populations have been described, some of importance to specific locations and others functioning across a broad range of environments (Sponaugle et al. 2002) . For a thorough review of larval fish behaviors that may influence transport and connectivity see Leis (2010) .
In many organisms and environments, vertical migrations can affect horizontal larval transport, sometimes leading to increased local retention rates. This process is particularly well established in estuarine systems, where organisms exploit tidal currents to control horizontal movements (Forward and Tankersley 2001) . Over continental shelf environments, where currents are rarely dominated by tides, ontogenic vertical migrations (OVM) from depths with net offshore flow to depths with net onshore flow appear to be closely linked to cross-shelf transport (Cowen et al. 1993; Hare and Govoni 2005) . Nearshore retention due to OVM has also been demonstrated in island environments (Cowen and Castro 1994; Paris and Cowen 2004) . Finally, many marine organisms exhibit some form of diel vertical migrations (DVM), the most common pattern being a shallow depth range at night and a deep depth range during the day (Neilson and Perry 1990) . Any DVM-related movements between layers with different currents may also influence larval transport and population connectivity.
Despite various studies addressing the theoretical influence of larval vertical distributions on horizontal transport of marine organisms, there is a paucity of case studies providing simultaneous empirical data of vertical migrations with data on currents at depth. The present study focuses on the larval transport of coral reef fish larvae in the Straits of Florida (SOF), a dynamic oceanographic environment dominated by a well-studied western boundary current, the Florida Current (FC) (Leaman et al. 1987; Lee and Williams 1999) . The FC arises from the Yucatan Current, which enters the SOF either directly or via the Loop Current through the Gulf of Mexico. The FC flows through the narrow passage between the Florida Peninsula and Cuba, continuing along the Florida shelf to the west of the Great Bahama Bank, turning north and becoming the Gulf Stream. Pelagic larvae entrained into the FC, the Loop Current, the Yucatan Current, and the Caribbean Current up to hundreds of kilometers farther upstream have the potential to be carried through the SOF and beyond as the Gulf Stream continues towards the north. Since the strength of the FC varies with depth (Leaman et al. 1987 ), larvae may experience dramatically different transport depending on their vertical distribution. The specifics of larval transport are of particular importance to coral reef fish larvae because their settlement habitat is limited. The coral reefs of South Florida represent the northern limit of preferred adult habitat for many reef fish species, and continued entrainment in the Gulf Stream poses a serious threat to survival via expatriation (Hare and Cowen 1991; Cowen et al. 1993) . In the , 100-km-wide passage between Miami to the west and Bimini to the east, ichthyoplankton is highly concentrated spatially (Llopiz and Cowen 2009) , making this location ideal for sampling fish larvae and studying their vertical distributions.
The goals of our study were to: (1) comprehensively describe the vertical distributions of common reef fish larvae, (2) identify major vertical migration patterns, and (3) estimate differences in larval transport at various depths in the water column. We conducted three 42-48-h timeseries of ichthyoplankton tows at the edge of the FC offshore of Miami, resulting in an extensive vertically stratified collection of reef fish larvae sampled at high temporal resolution. Statistically robust nonparametric resampling techniques and regression trees were employed to test the hypothesis that larvae exhibited vertical migrations. Finally, simultaneous measurements of the actual currents from which larvae were collected were used to predict larval transport.
Methods
Field sampling-The vertical distribution of fish larvae in the SOF was sampled repeatedly at a single station for two diel cycles during each of three cruises in spring, summer, and fall of 2003. The spring time-series of 48-h duration was collected on 07-09 April, with the vessel maintaining position at a station , 30 km SSE of Miami (25.5uN, 80 .06uW) with a bottom depth of , 130 m. The fall 48-h time-series was collected on 30 September to 02 October at the same station, while the summer 42-h time-series was collected on 31 July to 02 August at an adjacent station (25.5uN, 80.05uW) , 1 km to the east with a bottom depth of , 160 m. For each time-series, depth-stratified ichthyoplankton samples were collected every 3 h by towing a coupled asymmetrical multiple opening/closing net with environmental sampling systems (MOCNESS) (Guigand et al. 2005) obliquely from 100-m depth to the surface, with successive nets fishing from 100-75, 75-50, 50-25, and 25-0 m, respectively. The MOCNESS was towed at a speed of , 1.5 m s 21 and the volume sampled by each net was calculated from flow through the net (MOCNESS flowmeter) and the mouth opening of the net corrected by its angle of attack (MOCNESS frame angle sensor). Nets with a 4-m 2 mouth opening and 1-mm mesh size filtered an average of , 1000 m 3 . Following each MOCNESS tow, the upper , 0.5 m of the water column was sampled with a neuston net (2-m 2 mouth opening, 1-mm mesh size, , 800-m 3 volume). All samples were classified as daylight or nighttime based on shipboard light measurements and as flood or ebb tide based on National Oceanic and Atmospheric Administration water level measurements at the nearby Virginia Key station. Simultaneous measurements of current-at-depth were recorded by two shipboard acoustic Doppler current profiler instruments, one resolving 14-102-m depth at a resolution of 8-m bins, the other resolving 4-26-m depth at a resolution of 2-m bins.
Sample processing-Plankton samples were initially fixed in 95% ethanol and transferred to 70% ethanol several days later for long-term storage. Larval fishes were removed and identified to family following Richards (2006) . The 11 families with highest occurrences in MOCNESS samples were selected for detailed analysis. More than 7000 larvae from these families were identified beyond the family level if possible, measured, and divided into three groups by developmental stage. Larvae with straight notochords were classified as preflexion stage, larvae with partially flexed notochords or incomplete development of the caudal fin were classified as flexion stage, and larvae with fully flexed notochords and fully developed caudal fins were classified as postflexion stage. For preflexion larvae, notochord length was measured from the tip of the jaw to the end of the notochord. For flexion and postflexion larvae, standard length was measured from the tip of the jaw to the end of the urostyle. All measurements were made using a calibrated microscope and ocular scale precise to 0.1 mm.
Data analysis-Samples of fish larvae collected in vertically stratified plankton net tows form a good basis for inferring larval vertical distributions. However, two problems must be addressed when extrapolating from samples to populations. First, censored (i.e., binned) depth information can limit the accuracy of average depth estimates. For example, larvae exclusively collected in 25-50-m samples most likely have a mean depth of 37.5 m, but the true value may lie anywhere between 25 and 50 m. The uncertainty of estimates for changes in distributions theoretically can be up to twice the censoring interval. For example, larvae collected exclusively in 25-50-m samples at time A and in 50-75-m samples at time B most likely shifted their distribution by 25 m. However, the true amplitude of the shift may be anywhere between 0 and 50 m. In practice, this problem is much less severe because larval vertical distributions are approximately continuous, approximately unimodal, and extend across multiple sampling depth bins. Under these circumstances, mean depth estimates are generally accurate to within several meters, based on simulated worst-case scenarios, in which true mean depth was estimated from binned samples (K. B. Huebert unpubl.). For example, a distribution decreasing exponentially from a maximum density at the surface, such that only 5% of larvae occurred deeper than 25 m, had a true mean depth of 8.3 m. Repeated random sampling of 30 ''larvae'' from this distribution using 25-m depth bins resulted in a mean depth estimate of 13.3 m.
Second, imperfect statistical independence among sampled larvae needs to be considered. In our data, each larva was one of several from the same net, each net was one of several in the same haul, and each haul was one of several during the same cruise. Preliminary autocorrelation and variogram analyses revealed that the correlation among immediately adjacent (3-h temporal and . 15-km spatial lag) and widely separated hauls was similar and not significant (p . 0.05). Therefore, each haul could be treated as fully statistically independent. However, the rank correlation of larval density at 25-50-m depth and either 0-25-or 50-75-m depth was sometimes significant (p , 0.05). Thus, the four different depth ranges were not fully statistically independent. Further, some species were present in very high densities in only a few samples. Because it is empirically known that some fish larvae form schools, it seemed unlikely that each individual in a rare large sample represented an independent observation. However, it also seemed unlikely that 100% of larvae sampled in 1000 m 3 of water belonged to a single school. Instead, each large sample presumably involved some pseudo-replication (many data points taken from the same aggregation) and some truly independent data points.
Imperfect statistical independence is problematic because calculations based on sample sizes greater than the true number of independent observations can lead to dangerous errors in statistical inference. Specifically, ignoring the correlation among and pseudo-replication within our samples would result in biased mean depth estimates with very narrow confidence intervals, and give the erroneous impression of significant differences among similar vertical distributions. On the other hand, using sample sizes smaller than the true number is inherently conservative. It is therefore useful to systematically reduce sample sizes to a conservatively low level for data analysis. Implementing a square-root transformation, such that each sample is assigned an effective sample size (i.e., statistical weight) of n 0.5 divided evenly among all n larvae in the same sample, accomplishes this goal very well. First, the total effective sample size is greatly reduced from Sn to Sn 0.5 ; thus, the resulting statistics should be very conservative. Specifically, testing for significant differences among two mean depth estimates using square-root transformed sample sizes is much more conservative than using raw sample sizes, yet much more powerful than weighting each net equally, independent of sample size. Second, square-root transformations strike a reasonable balance between the risks of overrepresenting aggregations and underrepresenting individuals. Each larva in a large sample is assigned a statistical weight much less than 1, each larva in a small sample is assigned a weight slightly less than 1, and each larva occurring alone is assigned a weight of exactly 1. This directly counteracts the increasing degree of pseudo-replication associated with large samples. Third, the unique characteristics of each individual larva (length and stage) are retained for further analysis. This would not be the case if effective sample size were brought down by completely omitting some observations as opposed to ''partially omitting'' many observations via their statistical weight.
To deal with data censoring (i.e., binning) and statistical independence in the present study, a nonparametric framework incorporating resampling techniques (Hesterberg et al. 2005 ) and tree-regression (Venables and Ripley 2002) was developed using the statistical software R (R Development Core Team 2011). With respect to depth bins, uncertainty regarding the exact position of each larva within the sampled depth range was explicitly modeled. With respect to imperfect statistical independence, we performed all analyses using greatly reduced effective sample sizes, based on the assumption that square-root transformed counts best represented the degree of pseudo-replication present in the raw data. Adequate representation in terms of sample size was assumed only if the sum of square-root transformed counts was at least 30, i.e., one larva in each of 30 different samples, 900 larvae in a single sample, or an intermediate scenario.
The final data analysis protocol was as follows. Neuston net samples were used to identify taxa that aggregated disproportionately at the surface and exclude them from analysis. MOCNESS samples were used to estimate the mean and standard deviation (SD) of larval vertical distributions. For each taxonomic group, 1000 bootstrapped samples with a sample size equal to the sum of square-root transformed counts of larvae sampled in each net were generated by drawing larvae (with replacement) from the empirical data. The relative probability of each individual larva being picked was equal to 1, corrected by the square root of larvae in the same group and net, and corrected by the volume filtered by the net relative to 1000 m 3 . Each bootstrapped data point was assigned a specific (random uniform) depth inside the range at which the sample was collected. The bootstrapped mean and SD of these depths was used to estimate the population vertical distribution. To test whether larval length, larval stage, cruise, daylight, and tide were related to mean depth, MOCNESS samples were split into subgroups by tree regression (using the R library ''rpart''). A permutation test using randomly shuffled subgroup assignments was performed to test if the difference was statistically significant at p , 0.05 (Hesterberg et al. 2005) . The subgroups resulting in the greatest significant difference were then further split into subgroups of subgroups until no further significant differences were present or until subgroups became too small for further analysis (when the effective sample size fell below 30). The result was a regression tree of nested subgroups, each with significantly different vertical distributions. Finally, each distribution was compared to 1000 random uniform distributions of equivalent sample size. If the estimated SD was lower than 95% of SD values from uniform distributions, then the estimated larval vertical distribution was considered significantly nonrandom at p , 0.05.
To complement regression tree graphs, which illustrate dichotomies among significantly different subgroups of data, we applied cubic smoothing splines to larval depth and length data. Splines more accurately illustrate gradual trends but do not lend themselves to similarly rigorous significant testing as regression trees.
Transport estimates-Two simplifying assumptions were made to examine the interactions between larval vertical distributions and currents at depth. Larvae were assumed to either maintain constant depths for a period of two diel cycles or, in the case of diel vertical migrations, occupy two different depths 50% of the time. Current profiles at the fixed sampling station were used as proxies for currents farther downstream. Under these assumptions, progressive vector diagrams for larval transport at each current profiler depth bin were constructed by stringing hundreds of subsequent current vectors together to form continuous trajectories. Using Eulerian progressive vector diagrams to estimate Lagrangian drift is an imperfect but useful method (Gawarkiewicz et al. 2007 ). The resulting estimates are probably accurate to within a few kilometers over the course of 48 h (Rajamony et al. 1999 ).
Results
Field sampling-Ichthyoplankton tows were completed with a minimum of technical difficulties. During one MOCNESS haul in spring, nets did not open and close at the appropriate depths, and this haul was excluded from data analysis. During two hauls in spring, the 0-25-m net remained open during retrieval of the MOCNESS instrument and consequently oversampled the neuston layer. Only larvae from the families Mullidae and Tetraodontidae, which aggregated disproportionately at the surface, were affected by this problem and were excluded from analysis. Finally, the deeper range current profiler unit failed during the spring time-series.
Larval composition-Large numbers of coral reef fish larvae from 11 families were collected in the MOCNESS samples: Serranidae (3473), Scorpaenidae (1272), Lutjanidae (522), Labridae (505), Scaridae (301), Priacanthidae (261), Holocentridae (258), Sphyraenidae (189), Acanthuridae (183), Pomacentridae (178), and Apogonidae (163). Additionally, large numbers of Mullidae (1337) and Tetraodontidae (401) were collected mostly in the neuston net samples. After further identification to the lowest possible taxonomic level, there were 20 groups with sufficient sample size for data analysis. The diversity of sampled reef fish larvae beyond these taxa is reported in Huebert et al. (2010) .
The 1-mm-net-mesh MOCNESS samples included larvae ranging in size from , 2-mm notochord length, which is smaller than the size at which most reef fishes hatch, to . 17-mm standard length, which is larger than the size at which most larvae settle to benthic habitat. The full range of larval size and development was thus present in the samples. Nevertheless, very small, slender larvae with little spination were clearly under-sampled, likely due to extrusion through the 1-mm net mesh. This resulted in length frequency distributions that were dome shaped (often with a peak at , 5-mm length) as opposed to distributions decreasing exponentially from small to large in a direct reflection of larval mortality (Fig. 1) . The proportion of sampled larvae , 5 mm in length generally accounted for , 30% of the total. Based on comparisons between 150-mm-mesh samples and 1-mm-mesh samples (R. K. Cowen unpubl.), larvae , 5 mm in length were underrepresented by approximately one order of magnitude.
Approximately half of all reef fish larvae were collected in 0-25-m nets and half deeper than 25 m. Scorpaenids and some subgroups of larvae from other taxa were more abundant at 75-100 m than at any other sampled depth range. In these taxa, a significant proportion of larvae may have occupied depths . 100 m, which we did not sample. Potentially excluding larvae at depths . 100 m may have biased our data and results for these taxa. Bias was examined by comparing the estimated mean and SD of sampled larval vertical distributions. This idea was based on a frequently observed trend for deeper larval reef fish distributions to be spread out over larger vertical ranges than shallow ones (Irisson et al. 2010 ). There was an approximately linear relationship between the mean and SD across all taxa and subgroups, ranging from shallow and narrow distributions to essentially uniform distributions with a mean of , 50 m and an SD of , 29 m (Fig. 2) . The three obvious outliers were nighttime samples of the most highly developed subgroups of fall scorpaenids, Hemanthias leptus, and Hemanthias vivanus, respectively. These three subgroups had the greatest mean depth estimates but not particularly large SD estimates. Thus, their true vertical distributions presumably extended beyond 100-m depth, biasing our estimates towards being too conservative (i.e., shallow).
Larval vertical distributions-Larvae collected across six diel cycles and three seasons allowed us to make robust estimates of vertical distributions for 20 taxa. Pooled by taxon, vertical distributions ranged from a mean depth of 17 m in Holocentridae to 55 m in Scorpaenidae. Regression trees revealed significant differences in vertical distributions (permutation test: p , 0.05) related to size, stage, cruise, or daylight in 13 taxa. These taxa were split into subgroups based on the factor with the single greatest effect. In many cases the subgroups were then further split into smaller significantly different subgroups and so on (Fig. 3) . In 11 taxa there were significant effects of size or stage or both, generally indicating downward ontogenic shifts in vertical distribution. Size and stage are essentially two different measures of larval development and were therefore closely related. In several cases, larvae were restricted to shallow depths at small sizes, spread out over the entire water column at intermediate sizes, and restricted to deep depths at the largest sizes (Fig. 4) . Larvae from the subfamily Serraninae and a subgroup of scorpaenids (larvae collected during spring and summer, but not fall) had a different pattern, with smallest larvae having the deepest mean depth (Fig. 3 ). Significant differences among cruises were present in only two taxa (Apogonidae, Scorpaenidae). The depths of four taxa (Pomacentridae, Scoraenidae, H. leptus, and H. vivanus) differed significantly between night and day, revealing diel vertical migrations (Fig. 3) . No tidal vertical migrations were apparent. The SD of most but not all larval vertical distributions was significantly less than the SD of bootstrapped uniform distributions (p , 0.05). Additional diel migrations in the families Mullidae and Tetraodontidae were apparent from neuston net collections. In these tows sampling the upper 0.5 m of the water column, mullid larvae and tetraodontid larvae (in spring and fall) were present in high densities during the day, disappeared during the night, and reappeared the next day. Diurnal neuston tows sampled a total of 1269 mullids and 314 tetraodontids, while nocturnal tows sampled only 10 mullids and 1 tetraodontid. Mullids from diurnal neuston samples accounted for 70%, 100%, and 84% of total diurnal abundance (integrated from 0-100-m depth) in spring, fall, and summer, respectively. Tetraodontids from diurnal neuston samples accounted for 20%, 1%, and 18% of total diurnal abundance in spring, fall, and summer, respectively. Nocturnal neuston samples only accounted for up to , 1% of total nocturnal abundance. In MOCNESS samples, mullids occurred almost exclusively in the 0-25-m depth bin (day and night), while tetraodontids occurred in all bins (day and night). Unfortunately, the number of larvae collected below 25-m depth, and thus certainly not neustonic, was too small to infer their vertical distributions.
Currents-Currents had maximum hourly averages of 1.5 m s 21 during the spring time-series, 2.3 m s 21 during the summer time-series, and 1.7 m s 21 during the fall timeseries. In the upper water column to 26-m depth, the mean and SD of the northbound (alongshore) component of the current was 1.0 6 0.29 m s 21 , 1.6 6 0.27 m s 21 , and 0.9 6 0.32 m s 21 for the spring, summer, and fall cruises, respectively. The mean and SD of the eastbound (crossshore) component was 0.11 6 0.11 m s 21 , 0.29 6 0.13 m s 21 , and 0.06 6 0.13 m s 21 , respectively. In summer and fall, the average northbound current varied by only 10% among depth bins in the upper 70 m, but dropped off sharply deeper than 70 m, falling below 60% by 102 m. During the spring time-series from 07 to 09 April, data were only available for the upper 26 m, due to the failure of one current profiler instrument. However, on 05 April (1 d before the unit failed) a 36-min record was collected at the same station. At that time, northbound current varied by 15% among depth bins in the upper 90 m and dropped off sharply beyond that.
Transport-Estimated larval transport trajectories in the form of progressive vector diagrams were generated from larval vertical distribution data and current measurements for discrete depth bins of 4-26-m depth in spring and 14-102-m depth in summer and fall (Fig. 5) . In all cases, trajectories indicated rapid northward transport through the SOF combined with slow offshore transport. In spring, the total transport distance over 48 h was 184 km at 4-m depth and gradually decreased to 167 km at 26-m depth. Spring offshore transport increased from 17 km at 4-m depth to 20 km at 10-m depth and then decreased to 17 km at 26-m depth. Summer total transport over 42 h was 246 km at 14-m depth (the largest distance of any trajectory), decreasing gradually to 223 km at 70-m depth, then sharply to 134 km at 102-m depth. Summer offshore transport decreased from 44 km at 14-m, to 39 km at 62-m, and 20 km at 102-m depth, respectively. Fall total transport over 48 h was 152 km at 14-m, increasing to 164 km at 38-m, decreasing to 145 km at 78-m, and decreased sharply to 104 km at 102-m depth (the shortest distance of any trajectory). Fall offshore transport ranged from 9-10 km above 38-m depth, and from 12-15 km below 38-m depth with a peak 15 km at 70-m depth.
Discussion
During the time that reef fish larvae spend in the pelagic environment, some larvae are transported great distances by ocean currents, while others are retained closer to their origin (Cowen and Sponaugle 2009 ). The vertical distribution of pelagic larvae can strongly affect their transport distance and direction (Paris and Cowen 2004) . Therefore, detailed descriptions of larval vertical distributions are vital for understanding larval transport and ultimately predicting connectivity of metapopulations. The most similar and detailed previous study, in terms of repeated vertically stratified sampling in combination with tree regression analysis, was conducted by Irisson et al. (2010) in French Polynesia and reported significant vertical migrations in four of eight families analyzed. The present study involved two main innovations: continuous 42-48-h time-series of current measurements (as opposed to 4-min snapshots after each net haul), and improved sampling of intra-annual The three groups with deepest vertical distributions (filled circles) were outliers, indicating samples biased by the lack of collections at . 100-m depth. Fig. 3 . Regression trees of mean depth 6 standard deviation in subgroups of reef fish larvae with significantly different vertical distributions in the Straits of Florida (permutation test p , 0.05). In spring, summer, and fall, the upper 100 m of the water column was sampled every 3 h for two diel cycles, with plankton nets fishing at 0-25-, 25-50-, 50-75-, and 75-100-m depth, respectively. Larvae of each taxon were divided into subgroups by various criteria, including season, day vs. night samples, larval developmental stage, and length. Each split indicates those two subgroups with greatest significant differences in mean depth. Subgroups in which the sum of square-root transformed sample sizes (values in parentheses) was , 30 were not considered statistically representative and thus were excluded from analysis. Labels indicate grouping criteria. Bold values indicate vertical distributions with standard deviations significantly lower than random uniform distributions of equivalent sample size. 1 not including Rhomboplites aurorubens. 2 not including Abudefduf spp. or Chromis spp. Fig. 4 . Length and capture depth of reef fish larvae from MOCNESS ichthyoplankton collections in the Straits of Florida. Larvae (circles) were sampled at 0-25-, 25-50-, 50-75-, and 75-100-m depth, and assigned random values within the depth ranges to reveal the actual sample size. Circle size indicates the statistical weight assigned to each larva, based on the square-root transformed count of larvae collected in the same sample per 1000 m 3 of water. Cubic smoothing splines (lines) beginning 10 data points above minimum size and ending 10 data points below maximum size illustrate gradual shifts in mean depth, generally from shallow to deep. variability due to replicate cruises in multiple seasons (as opposed to 1 month).
Reef fish larvae from 20 taxa were collected in sufficient numbers to estimate larval vertical distributions and transport at different depths. All taxa presented are strongly associated with reefs (Leis 1991a) , and most are commonly observed on coral reefs across the western central Atlantic region (Bö hlke and Chaplin 1968) including the Florida Keys (Bohnsack et al. 1999) . The most abundant taxon of the study, H. vivanus, is not very well documented because adults are primarily found on reefs deeper than 70 m (Hastings 1981) . The second most abundant taxon, the family Scorpaenidae, consists of many species associated with reefs and some species associated with other (sometimes deep) benthic habitats. Empirical data for larval transport of scorpaenids is of particular interest due to the ongoing range expansion of invasive lionfish species (Pterois volitans and Pterois miles) throughout the western Central Atlantic region (Whitfield et al. 2002) .
Larval vertical distributions-The majority of reef fish taxa had mean depths in the range of 20-50 m. Most fish larvae in most marine environments tend to accumulate in this depth range (Heath 1992), possibly because too little light for feeding is available at deeper depths (Job and Bellwood 2000) , and dangerously high levels of ultraviolet radiation are present closer to the surface (Browman 2003) . Small holocentrids, small Pristipomoides spp., and sphyraenids had mean depths , 20 m. Additionally, mullids and tetraodontids aggregated in the neuston layer during the daytime but dispersed during the night. Both mullid and tetraodontid larvae are heavily pigmented, which may provide protection from ultraviolet radiation. Some subgroups of scorpaenids and anthiins had mean depths . 50 m. Only the largest of these larvae sampled during the night had mean depths . 60 m and their distributions most likely extended past 100 m, where our sampling was truncated.
Vertical distributions of fish larvae in the same region were previously described by Cha et al. (1994) and D'Alessandro et al. (2010) . Based on eight nighttime MOCNESS tows during spring 1989 off the Florida Keys, Cha et al. (1994) divided families to three categories, one with . 50% of larvae sampled in the upper 25 m, a second with . 50% sampled in the upper 50 m, and a third with . 50% sampled deeper than 50 m. Surprisingly, when we applied the same criteria to our data, only four of 11 families fell into the same categories (even after we excluded daytime samples and large larvae potentially under-sampled by Cha et al. [1994] , who towed 75% smaller nets at 33% slower speeds). Since we collected a larger number of samples and captured a greater amount of intra-annual variability, the data presented here are presumably more representative for the region. A large number of daytime MOCNESS samples in the SOF revealed similar patterns for the family Lutjanidae: specifically, Etelis oculatus was most abundant at 25-50-m depth, while the genus Pristipomoides was most abundant at 0-25-m depth (D'Alessandro et al. 2010) . Our effort to estimate larval vertical distributions in terms of a mean depth and SD will hopefully simplify comparisons with future work.
Cruise effects-In two taxa, vertical distributions varied more among cruises than among sizes, stages, or any other factor. The mean depth of apogonids was 12 m deeper in the earliest cruise (spring), while the mean depth of scorpaenids was 19 m deeper in the latest cruise (fall) than in the other cruises, respectively. In no case did summer distributions, which were sampled , 1 km to the east of spring and fall distributions, differ significantly from both other seasons. This suggests that the observed differences among cruises were temporal in nature. However, intraannual variability in larval vertical distributions was not predictably related to environmental conditions (Huebert et al. 2010) . Instead, the differences may have arisen because species composition within taxa varied among seasons. Repeated seasonal sampling in multiple years as well as identification by molecular techniques (Richardson et al. 2007) would be necessary to test this hypothesis.
Diel vertical migration-For four taxa, mean depth differed significantly between day and night, providing strong circumstantial evidence for DVM. The mean depth of pomacentrids was 17 m deeper in daytime samples than in nighttime samples. Fall scorpaenids as well as postflexion H. leptus and postflexion H. vivanus displayed the opposite pattern, with mean depths up to , 15 m deeper at night. Further, larval mullids and tetraodontids aggregated in the upper 0.5 m during the day and dispersed at night (sample sizes were insufficient to make specific nocturnal mean depth estimates). DVM is extremely common among zooplankton (Pearre 2003) , but is poorly documented in reef fish larvae. Leis (1991b) found that in the , 15-m-deep Great Barrier Reef lagoon around Lizard Island, Australia, many reef fish larvae were distributed nonrandomly during the day but more uniformly during the night. The same pattern was observed in two temperate species over the 30-m isobath off Southern California (Brewer and Kleppel 1986) and in assemblages of many temperate taxa, including reef fish families, over the 60-m isobath off southeastern Australia (Gray 1998; Gray and Miskiewicz 2000) . These results apparently cannot be generalized to reef fish larvae in an oceanic water column of . 100-m depth in the SOF. Here, both pomacentrids and small postflexion H. vivanus assumed narrower distributions at night than during the day. This finding challenges the idea that larvae require daylight to maintain structured vertical distributions (Leis 1991b; Gray 1998) , and suggests that the accuracy of vertical orientation by individual larvae may be unrelated to light. Hare and Cowen (1991) found that larval Xyrichtys novacula collected in the Middle Atlantic Bight (far north of their adult habitat range) were most abundant at , 10-m depth during the night and at . 10-m depth during the day. In our samples, there was a trend towards similar DVM among large Xyrichtys spp. (. 8.1 mm), but the sample size of large larvae was too small for robust analysis. Overall, Xyrichtys spp. larvae were distributed much deeper in the SOF than in the Middle Atlantic Bight. The difference may be related the physical environment in the two locations. For example, the coldest temperatures we sampled were , 15uC at 100-m depth. Hare and Cowen (1991) reported temperatures , 15uC beginning at only , 20-m depth. Some fish larvae actively avoid cold water via upward vertical swimming (Olla et al. 1996) , and behavior of this type could cause Xyrichtys spp. to become restricted to a shallower vertical range in the Middle Atlantic Bight than in the SOF.
Ontogenic vertical shifts-In 11 taxa from seven families, mean depth differed significantly among co-occurring larvae of small and large size or early and late stage, indicating substantial ontogenic shifts in vertical distributions. Downward shifts associated with growth and development were by far the dominant pattern. Upward shifts were only present in serranins and in the subgroup of pooled spring and summer scorpaenids. Ontogenic shifts yielded both the smallest and largest detected differences in mean depth: an amplitude of only 6 m proved statistically significant among holocentrids (2.2-4.7-mm vs. 4.7-9.1-mm length) and Pristipomoides spp. (2.8-5.2-mm vs. 5.2-7.0-mm length), while an amplitude of 42 m was observed in H. vivanus (preflexion vs. postflexion, night, . 6.6-mm length). Significant downward ontogenic shifts have previously been identified in at least five of the seven families, specifically Holocentridae, Lutjanidae, and Scaridae in Barbados ; Holocentridae, Labridae, and Serranidae in French Polynesia (Irisson et al. 2010) ; and Lutjanidae in the SOF (D'Alessandro et al. 2010) . Because distributions vary among species and environments, and the power to detect significant shifts varies among studies, such strong overlap among studies is remarkable. Larval ontogenic vertical shifts may be common in the above families. Naturally, there are also cases with conflicting results. For example, found no significant shift among labrid larvae (Thalassoma bifasciatum and Halichoeres spp.), while the present study (T. bifasciatum and Xyrichtys spp.) as well as Irisson et al. (2010) (all labrids pooled) did.
While we split larvae into discrete groups to perform nonparametric significance testing, the data actually suggested gradual transitions, not sharp dichotomies. The presented amplitude values are thus conservative (low) estimates for the full extent of ontogenic shifts, limited by the sample size of smallest larvae (due to under-sampling) and largest larvae (due to low densities), by the 25-m spatial resolution of net tows, and in some cases, by the maximum sampling depth of 100 m.
Ontogenic shifts in vertical distributions are generally interpreted as OVM because most fish larvae have sufficient sensory perception and swimming ability to actively regulate their depth in the water column via behavior (Huebert 2008; Leis 2010) . Nevertheless, stratified net samples are insufficient to determine the behavior of individuals (Pearre 1979) , and alternative explanations should also be considered. Irisson et al. (2010) suggested that increases in mean depth with ontogeny may be driven primarily by increases in vertical range among larger larvae. If such spreading out involves a synchronized downward movement of a significant proportion of larvae, the resulting shifts can nevertheless be considered true migrations. However, differential mortality of shallow and deep larvae could also result in vertical distribution shifts (Irisson et al. 2010) .
In one hypothetical differential mortality scenario, larvae are initially more concentrated at shallow depths, perhaps due to positively buoyant eggs, but survival is highest at deep depths. As the shallow larvae are removed disproportionately by differential mortality, the mean depth shifts deeper without individual larvae having to move. We can essentially rule out this scenario for the SOF because larvae of several taxa appeared in deep samples exclusively at large sizes. Particularly in the 75-100-m depth range, the sampled density of large larvae was disproportionately higher than the sampled density of small larvae. Even assuming zero mortality at 75-100-m depth and 10-fold under-sampling of small larvae, there were simply too few small larvae at 75-100-m depth to account for the appearance of large larvae. Instead, an influx of larvae from shallower depths must have taken place.
In a second hypothetical differential mortality scenario, larvae exhibit random vertical swimming behavior, as opposed to synchronized vertical migrations, and small larvae experience greater mortality at deep depths while large larvae experience greater mortality at shallow depths. In this case, larvae moving too deep before attaining a large size as well as larvae moving too shallow after attaining a large size would be removed from the population. As in the previous scenario, differential mortality could therefore lead to an ontogenic shift of survivors from shallow to deep. This scenario is somewhat contrived, as it involves mortality that is not only size specific and depth specific, but also taxon specific (e.g., not affecting acanthurids and Anthias nicholsi, which had mean depths of , 45 m and high sample sizes but no ontogenic vertical shifts). Compared to differential survival, downward migration by large larvae is a far more parsimonious explanation.
Downward OVM appears to be much more common in reef fish larvae than the reverse pattern Irisson et al. 2010) . One hypothesis for the prevalence of downward OVM is that poorly developed eyes prevent young larvae from feeding effectively at deeper, darker depths (Job and Bellwood 2000) . Our data are mostly consistent with this hypothesis. For example, with the exception of a single outlier, only Sparisoma spp. larvae . 5-mm length were collected at 50-75-m depth and only larvae . 7-mm length were collected at 75-100 m. However, OVM in most taxa additionally involved decreasing numbers of large larvae at shallow depths, which appears unrelated to light limitation.
Currents-Spring, summer, and fall current profiles reflected the dynamic nature of physical oceanography in the SOF. Current strength was linked to the exact location of the meandering FC, as revealed by current measurements across the entire transect from Florida to the Bahamas (R. K. Cowen unpubl.). The FC was closest to shore during the summer cruise, resulting in substantially stronger currents during that time. Additionally, summer sampling was conducted , 1 km farther offshore, where currents were slightly stronger than at the inshore station. During all three cruises, cross-shore currents were highly variable but on average towards the east (offshore). This is consistent with the finding of Lee and Williams (1999) that wind-driven onshore flow (due to Ekman transport) is common in the lower and middle Florida Keys but rare in the northern SOF.
Transport trajectories-Larval transport trajectories for all three seasons revealed that most larvae passing by our sampling stations would be rapidly carried beyond the SOF by the FC. This is consistent with drifter tracks, which also have short residence times off the upper Florida Keys (Hare and Walsh 2007) . Currents at different depths within the range where most larvae were concentrated (20-50 m) resulted in very similar transport trajectories. Therefore, different vertical distributions among taxa as well as vertical migrations within taxa did not necessarily affect direction or magnitude of larval transport. Nevertheless, simultaneous measurements of larval vertical distributions and currents at depth provided direct evidence for the importance of DVM and OVM on larval transport: Since currents at . 70-m depth were much slower than near the surface, the proportion of larvae at these deep depths greatly affected transport. At a depth of 78 m, transport was reduced by , 15% and at a depth of 102 m by , 45% relative to maximum transport. This corresponded to a daily distance of 24-64 km in summer and 10-30 km in fall.
Based on bootstrapped samples of empirical data, the proportion of larvae following relatively slow transport trajectories at . 70-m depth was substantial in some cases. Taxa without significant migrations generally had low proportions of larvae occurring in the 75-100-m sampling depth bin and thus experienced the most rapid larval transport through the SOF. Within this group, acanthurids experienced the greatest reduction in transport with 18% of larvae occurring at 75-100-m depth. OVM led to a substantial difference in transport trajectories among small and large larvae of some taxa. In T. bifasciatum, for example, 0% of small larvae (3.3-5.6 mm) but 23% of large larvae (5.6-11.2 mm) experienced reduced transport. In the absence of OVM, DVM by pomacentrids from shallow depths at night to deep depths during the day resulted in an increase from 7% to 21% of larvae at 75-100-m depth. Obviously, DVM to and from slower currents can only reduce transport by approximately half as much as a longer-term transition to deep depths by OVM. Finally, both DVM and OVM effects on transport were evident in scorpaenids, H. vivanus, and H. leptus. For example, the proportion of H. vivanus larvae experiencing reduced transport increased from 1% of preflexion larvae and 2% of flexion larvae to 21% of postflexion larvae with OVM. Additionally, postflexion H. vivanus larvae exhibited DVM with amplitudes ranging from , 9 m among the smallest to , 20 m among the largest larvae. Settlement size H. vivanus larvae thus occupied the 75-100-m depth range from 22% of the time during the day to 51% of the time at night.
Cross-shore transport and settlement-None of the progressive vector diagrams for larval transport indicated net onshore (west) movements towards shallow coral reef habitat. In summer, the vertical gradient in cross-shore transport mirrored the larger pattern in alongshore transport. From 0-62-m depth, net cross-shore movement varied by , 15%, but by 70 m there was a reduction of 24% and by 102 m a reduction of 55% in offshore transport. Consequently, the same vertical distribution patterns that reduced overall transport also reduced offshore transport during the summer time-series, and depths . 70 m could be seen as increasingly favorable for retention and settlement.
In the fall time-series, this was not the case. Net offshore transport in the upper 100 m was greatest at 70 m and 41% less at 30 m. Under these conditions, most reef fish larvae occupied the depth range of maximum transport to the north, and minimum transport to the east. Because movement to the north eventually reduces the probability of larvae encountering settlement habitat, but movement to the east immediately increases the distance to any settlement sites, it is unclear which depth is ultimately more favorable for settlement. In spring, insufficient data were collected to characterize cross-shore transport deeper than 26 m. In the upper 26 m, maximum and minimum offshore transport occurred at 10 and 26 m, respectively.
Settlement of reef fish larvae is often episodic, and the fact that our current measurements did not detect a specific onshore transport mechanism is not surprising. Nevertheless, larval vertical distributions and migrations affect the probability that larvae encounter some types of onshore transport events. For example, the accumulation of mullids and tetraodontids at the ocean surface makes them susceptible to episodic onshore flow of the neuston layer indirectly caused by passing (Shanks 1983) or breaking (Pineda 1994 ) internal waves. Similarly, the deep distribution of scorpaenids may result in episodic onshore transport by direct entrainment in tidal bores (Leichter et al. 1996) . Upstream of our study site, where the prevailing wind blows alongshore rather than cross-shore due to the curvature of the Florida Keys, onshore Ekman flow in the upper , 50 m of the water column is common (Lee and Williams 1999) . Under these conditions, the 20-50-m mean depth of most taxa may be ideal for transport to settlement sites in the lower and middle Florida Keys.
Some of the most important cross-shore transport mechanisms may act independently of larval vertical distributions. Off the Florida Keys, there is a wellestablished relationship between pulses of reef fish larvae at shallow reefs and passing FC frontal eddies (Sponaugle et al. 2005; D'Alessandro et al. 2007) . It is unclear whether larval entrainment and delivery to reefs by eddies is related to their vertical distributions. At spatial scales up to several kilometers from settlement habitat, active horizontal swimming behavior of settlement-stage larvae can also be important (Huebert and Sponaugle 2009; Leis 2010) . There are likely to be complex interactions between the direct effects of horizontal swimming and the indirect effects of vertical swimming on larval transport. For example, depths favorable in terms of sensory cues for active horizontal orientation may be unfavorable in terms of passive transport by currents.
Since the coral reefs of South Florida represent the northern limit of preferred settlement habitat for many reef fish species and expatriation poses a threat to survival (Walsh 1987; Hare and Cowen 1991) , any reduction in alongshore transport and increase in residence time in the SOF increases the odds of eventual onshore transport by depth-independent mechanisms. Consequently, the prevalent OVM pattern of downward movement with development was generally favorable but not necessarily sufficient for larval settlement in our study area.
Regional implications-Elsewhere in the Western Central Atlantic region, vertical distributions and migrations equivalent to those observed in the SOF may have similar consequences for transport. Both in the lower Florida Keys, slightly upstream of our site (Lee and Williams 1999) , and in the Middle Atlantic Bight, far downstream of our site (Cowen et al. 1993; Hare and Govoni 2005) , downward OVM is thought to place larvae in an onshore flow regime, favoring settlement. In the Eastern Caribbean, off Barbados, increased nearshore retention of reef fish larvae via downward OVM has been demonstrated conclusively (Cowen and Castro 1994; Paris and Cowen 2004) . The above studies suggest a general trend for onshore flow in mid-water, thus downward OVM, as observed in the SOF, may have an important adaptive role in enhancing settlement success. Finally, vertical migrations to deeper depths may generally bestow an adaptive benefit simply by placing larvae in weaker alongshore currents and thus reducing expatriation from preferred juvenile settlement habitat.
